Several conducting channels of ventricular tachycardia (VT) can be identified using voltage limit adjustment (VLA) of substrate mapping. However, the sensitivity or specificity to predict a VT isthmus is not high by using VLA alone. This study aimed to evaluate the efficacy of the combined use of VLA and fast-Fourier transform analysis to predict VT isthmuses.
A strategy of extensive substrate modification targeting all abnormal potentials shows a relatively good outcome for ventricular tachycardia (VT) recurrence after catheter ablation. 1 In recent years, several minimally invasive, more efficient strategies have been attempted to develop. [2] [3] [4] [5] A previous study demonstrated that conducting channels in the circuit of VT can be identified using voltage limit adjustment (VLA) based on voltage mapping during sinus rhythm. 2 However, this method has 2 important limitations. First, the channels detected using VLA can include many bystander channels. Some bystander channels can be ruled out by considering the presence of late potentials, but evaluating the characteristics of each point manually during mapping procedures is laborious. Second, some VT isthmuses in the infarcted area can be overlooked just by endocardial mapping if they are located in the intramural or epicardial area. Patients with ischemic cardiomyopathy primarily have endocardial scar with variable intramural and epicardial extension. 6 In such cases, massive endocardial scar might serve as a barrier, and endocardial voltage mapping may not access the electric conduction located in the intramural or epicardial area.
Fast-Fourier transform (FFT) analysis is a method to calculate the proportion of a high-frequency component of each local potential. FFT analysis is expected to be the fundamental resolution for both problems above because it can detect fractionated local potentials, suggesting slow conduction zone, even if their voltage amplitude is extremely low within the massive endocardial scar area. 7 We hypothesized that FFT analysis can contribute to increase the precision of VLA for detecting VT isthmuses. The objective of this study was to evaluate the add-on effect of FFT analysis to VLA, by comparing the real VT isthmus sites with the slow conduction channels assumed using FFT analysis and VLA.
WHAT IS KNOWN?
• Conducting channels in the circuit of ventricular tachycardia can be identified using voltage limit adjustment based on voltage mapping during sinus rhythm. • However, the channels detected using voltage limit adjustment can include bystander channels, and some ventricular tachycardia isthmuses in the infarcted area, especially in the intramural lesion, are difficult to detect by voltage limit adjustment itself.
• Fast-Fourier transform analysis can detect fractionated local potentials suggesting slow conduction zone and is expected to be one of the solutions for these problems.
WHAT THE STUDY ADDS?
• Ventricular tachycardia isthmuses were detectable with a good sensitivity and specificity by combining voltage limit adjustment with fast-Fourier transform analysis.
• A new system that can construct a real-time fastFourier transform analysis map is expected to be developed.
METHODS
The data and analytic methods will be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Patient Selection
We retrospectively reviewed electroanatomical maps (CARTO XP or CARTO 3; Biosense Webster, Inc, Diamond Bar, CA) from patients with postinfarction VT who underwent catheter ablation for drug-resistant recurrent VT at the University of Tsukuba or Yokohama Rosai Hospital between March 2010 and March 2014. VT isthmuses identified using entrainment mapping or pace mapping were included in the analysis. We excluded patients with insufficient map resolution (<300 points). The study was approved by the research ethics committees of the institutions.
Electrophysiological Study and Ablation
After withdrawal of all antiarrhythmic drugs, except amiodarone for at least 5 half-lives, electrophysiological study and ablation were conducted with conscious sedation with dexmedetomidine hydrochloride at 0.4 μg/kg per hour. Surface ECG leads were placed in the standard positions. A quadripolar catheter was placed in the right ventricular apex and a deflectable decapolar catheter in the para-Hisian area. An octapolar catheter was also placed in the coronary sinus. A 3.5-mm open irrigated tip ablation catheter (ThermoCool; Biosense Webster, Inc) was advanced to the left ventricle (LV) or right ventricle using a femoral venous or arterial approach with either the retrograde aortic or the transseptal approach for the LV. Bipolar electrograms were recorded with a bandpass filter at 30 to 500 Hz. All patients underwent substrate mapping during sinus rhythm. After the completion of substrate mapping, VT induction was attempted with programmed ventricular stimulation from 2 right ventricular sites (the apex and outflow tract) at 2 base cycle lengths (400 and 600 ms), with up to 3 extrastimuli decremented to ventricular refractoriness. When VT was noninducible or poorly tolerated, the isthmus was identified using pace mapping within a low-voltage area <1.5 mV. The isthmus of the clinical VT was defined as that with good pace map sites with various stimulus-QRS intervals. If the paced QRS morphology of a site was similar to the clinical VT morphology, detailed pace mapping around the site was performed to detect as much of the entire isthmus as possible. After identification of the critical isthmus, a substrate-guided linear ablation was performed at the operator's discretion. When hemodynamically stable VT was induced, electroanatomical activation mapping was performed to depict the tachycardia circuit superimposed on the anatomic reconstruction of the ventricle. The VT isthmus sites were identified with entrainment mapping by using the following criteria: (1) concealed fusion on all 12 leads; (2) postpacing interval identical to VT cycle length; (3) stimulus to QRS interval identical to local electrogram to QRS interval; and (4) local electrogram to QRS interval between 30% and 70% of VT cycle length. After identification of the critical isthmus, a short linear ablation was performed across the isthmus. After VT termination, a substrate-guided linear ablation was performed at the operator's discretion.
Voltage Limit Adjustment
The electroanatomic maps were analyzed offline to identify relatively high voltage channels (HVCs) or relatively highfrequency channels (HFCs). The standard setting for the color display of the voltage maps was used at baseline: a lower threshold of 0.5 mV (red) and an upper threshold of 1.5 mV (purple). We initially adjusted the voltage cutoffs in a systematic manner to reveal channels of contiguous, relatively higher voltage amplitude compared with adjacent tissue within the low-voltage area, as previously described. 2 First, the upper threshold of the color bar was decremented by 0.10 to 1.00 mV. The voltage thresholds were then set to 1.01/1.00 mV, and both the upper and lower thresholds were decremented by 0.1 mV with a maintained difference of 0.01 mV between them until 0.11/0.10 mV was reached. When an HVC was revealed, minor adjustments of the voltage threshold were made to depict the HVC as clearly as possible. The types of HVCs were defined as full and partial. When the relatively high voltage part was depicted from the entrance to the exit by VLA, it was defined as full HVC. However, when the relatively high voltage part was depicted on >30% of the estimated relatively HVC as a concave pattern, it was defined as partial HVC.
FFT Analysis
FFT analysis was performed for each bipolar electrogram during sinus rhythm, as previously described (Figure 1 ). 8 The bipolar signals recorded during sinus rhythm with the CARTO system before the ablation procedure underwent offline FFT analysis using a custom-developed software implemented in the RMC-5000 (Nihon Kohden, Tokyo, Japan). The CARTO system records a 2.5-second continuous bipolar electrogram at 1000-Hz sampling frequency at each point on the electroanatomic map. All electrograms recorded from the distal bipole of the mapping catheter were digitally exported and then imported into the RMC-5000 for FFT analysis. The target window of FFT analysis was set up to 256 ms from a QRS onset to cover the local delayed potential. Each local potential was transformed to 256 digitized sample points. The area under the curve from 40 to 100 Hz was divided by the area under the curve from 0 to 100 Hz to calculate FFT ratio (FFTr). All the aforementioned processes were performed by a blinded investigator. The FFTr values were manually superimposed as the absolute values onto the electroanatomical map to create a 3-dimensional FFTr map. HFC was defined as a relatively HFC (blue to purple) between the relatively low frequency areas (red to green). Map construction and HFC identification were performed by other blinded investigators.
Comparison Between HVCs and HFCs
All the processes were summarized as a flow chart in Figure  2 . VLA was initially performed. When several full HVCs were detected ( Figure 3A) , we compared them with HFCs on the FFT map ( Figure 3B ). When consistent results were obtained, we defined it as a predicted VT isthmus. We then examined whether the predicted VT isthmus was the true VT isthmus that had been identified using entrainment mapping or pace mapping. 5 An example of VT isthmuses identified using pace mapping is shown in Figure 3C . When the full HVCs and the HFCs were not consistent or all clinical VT isthmuses were not detected at that point, we performed VLA again and attempted to find partial HVCs ( Figure 4A ). When partial HVCs were found, we compared them with HFCs on the FFT map ( Figure 4B ). When consistent findings were obtained, we also defined it as a predicted VT isthmus. Finally, we examined whether the predicted VT isthmus was the true VT isthmus that had been identified using entrainment mapping or pace mapping. An example of activation maps during VT is shown in Figure 4C . The VT isthmus was identified using entrainment mapping.
Analysis of the Best Cutoff Value on FFTr Map
Determining the best cutoff value of FFTr map to detect VT isthmuses would help us in identifying HFCs. To all HFCs on the identified VT isthmuses, FFTr limit adjustment was performed. At baseline, the color range of the FFTr map was set at 30% as a lower threshold (red) and at 40% as an upper threshold (purple). Both the upper and lower thresholds were decremented by 5% with a maintained difference of 10% between them. When the lower threshold reached the lowest value of each case, we reset the upper and lower thresholds at baseline (30%-40%) and incremented them by 5% in the 
RESULTS

Patient Characteristics
A total of 72 patients with postinfarction VT were admitted to the University of Tsukuba or Yokohama Rosai Hospital between March 2010 and March 2014 for catheter ablation. Of these, 9 patients (mean age, 70±11 years; 6 men) were selected as candidates for our study because at least 1 VT isthmus was identified using entrainment mapping or pace mapping. A total of 13 VT isthmuses were identified in the 9 patients. One or 2 VT isthmuses were identified in each patient. The patient characteristics are summarized in Table 1 . Most patients had severe LV dysfunction with a mean LV ejection fraction of 38%. Seven of 9 patients had anterior scar of the LV. Two patients underwent a previous VT ablation session, and an implantable cardioverter defibrillator was implanted in all patients. The electroanatomical characteristics are shown in Table 2 . The total mapping points were 364±61 on average, and the mean scar area (<0.5 mV) was 27%±9% of the total LV surface area. The hemodynamically stable VT that allowed identification of its isthmus site had a mean cycle length of 417±58 ms (320-540 ms). Of all 13 identified VT isthmuses, 11 were detected using entrainment mapping and 2 were detected using pace mapping. Radiofrequency energy was delivered to 7 isthmuses during VT, and all 7 VTs were terminated during ablation.
Relationship Between Relatively HVCs, Relatively HFCs, and VT Isthmuses
The results of the analysis were summarized in Figure 5 . In total, 33 HFCs were identified by the blinded investi- gator after all FFTr maps were constructed. By adjusting voltage cutoffs, we were able to identify 12 full HVCs in 7 (78%) of 9 patients. HFCs were located on 7 of 12 full HVCs. Five VT isthmuses were included in the 7 full HVC+/HFC+ sites, whereas no VT isthmus was found in the 5 full HVC+/HFC− sites ( Figure 5A ). In 2 patients who had no full HVC and 5 patients who had another VT isthmus other than full HVCs, we evaluated whether partial HVCs could be found. By adjusting voltage cutoffs, we could identify 16 partial HVCs that presented a concave pattern of the low-voltage area on a 3-dimensional mapping system, as shown in Figure 4A . HFCs were identical to 9 of 16 concave patterns of partial HVCs. Eight VT isthmuses were included in the 9 partial HVC+/HFC+ sites, whereas no VT isthmus was found in the 7 partial HVC+/HFC− sites ( Figure 5B) . A total of 17 HVC−/HFC+ sites were found, but no VT isthmus was included. Full HVC+/HFC+ sites predicted VT isthmus with a sensitivity of 100% and a specificity of 71%, and partial HVC+/HFC+ sites predicted VT isthmus with a sensitivity of 100% and a specificity of 86%. All HVC+/ HFC+ sites predicted VT isthmus with a sensitivity of 100% and a specificity of 80%.
There were 2 full HVC+/HFC+ sites and 1 partial HVC+/HFC+ sites that had no related isthmus. The 2 full HVC+/HFC+ sites were located on the septal region of a patient with broad anterior scar. Because this area is far from the isthmus identified using pace mapping, ablation was not performed to the site, but no VT was inducible immediately after the procedure. One partial HVC+/HFC+ site was located within the anterior scar of another patient. VT related to the site was not induced, but radiofrequency energy was delivered to the site targeting late potentials recorded along the site.
Best Cutoff Value on FFTr Map to Detect VT Isthmuses
Of all 13 HFCs located on VT isthmuses, 20% to 30% was the best cutoff value for 3 isthmuses, 30% to 40% for 2 isthmuses, 35% to 45% for 3 isthmuses, 40% to 50% for 4 isthmuses, and 45% to 55% for 1 isthmus (Table in the The data are presented as mean±SD or n (%) unless otherwise noted. ICD indicates implantable defibrillator cardioverter; and LV, left ventricle.
DISCUSSION
Major Findings
We performed VLA and FFT analyses of local ventricular bipolar electrograms during sinus rhythm in 9 postinfarction patients who underwent catheter ablation for a total of 13 monomorphic VTs. Only 5 (38%) of 13 VT isthmuses were included in full HVCs. All the remaining 8 VT isthmuses could be detected in partial HVCs. Common characteristics were found between full and partial HVCs in terms of their relation to HFCs. Most of HVC+/HFC+ sites contained VT isthmuses (71%, full HVC; 89%, partial HVC), whereas HVC+/HFC− sites did not include any VT isthmus. The best cutoff value of on FFTr map to detect VT isthmuses had a wide variety among cases.
Previous Studies
In 2013, Mountantonakis et al 2 reported that conducting channels in the circuit of VT can be identified using VLA. They mentioned 2 major limitations of VLA. First, only 30% of full HVCs that could be identified using VLA contained a VT isthmus. Second, only 44% of mappable VTs were associated with any identifiable full HVCs. However, they also described that voltage channels with isolated late potentials harbor the clinical isthmus with a sensitivity and specificity of 78% and 85%, respectively. In the present study, only 5 (42%) of 12 of full HVCs included a VT isthmus, and only 5 (38%) of 13 VTs were related to any full HVCs. We obtained a good sensitivity and specificity by additionally analyzing partial HVCs and FFT without any information about isolated late potentials.
In 2015, Campos et al 7 introduced FFT analysis for the first time to evaluate the substrate for VT. They set a control group with structurally normal hearts and patients with previous myocardial infarction and examined the distribution of the frequency map and its relationship to the VT isthmus sites. They described that the areas of abnormal fractionation occupied 9.7%±6.9% 
59±32
Scar proportion to total LV surface, % 27±9
Number of mappable VT n=11
Mean VT cycle length, ms 417±58
Number of high (full or partial) voltage channel n=28
Total no. of identified VT isthmus 13
No. of VT isthmus identified using entrainment mapping
(85)
No. of VT isthmus identified using pace mapping 2 (15)
The data are presented as mean±SD, n (%), unless otherwise noted. 3D indicates 3-dimensional; LV, left ventricle; and VT, ventricular tachycardia.
of total LV surface area and included only 60% of the VT isthmus sites. The use of FFT map alone may be insufficient in terms of efficacy to identify VT isthmus sites, according to the study results.
Clinical Implications
Even though the information of late potentials improves the predictive accuracy for isthmus detection by VLA, analyzing local potentials in detail and marking abnormal potentials point by point during the procedure are laborious. Now, we can create a highresolution map easily and quickly by using a multipolar mapping catheter. Moreover, our custom-developed FFT software that was implemented in the RMC-5000 (Nihon Kohden, Tokyo, Japan) enables a real-time calculation of FFT area ratio during ablation procedures. If this system is connected to a 3-dimensional mapping system in the near future, FFT map can be constructed repeatedly during sinus rhythm, VT, or pacing, which may provide additional information about isthmus detection.
Limitations
First, this study is a retrospective analysis of a small number of patients because it was designed to examine a preliminary feasibility of our new method that consists of voltage adjustment and FFT analysis. This approach must be evaluated with a large population and in a prospective manner. Second, data are insufficient to make conclusion in patients without large scar because 7 of 9 patients had broad anterior scar. Third, because the best cutoff value to depict HFCs on FFTr map is different among VT isthmuses and many bystander HFCs can be observed, identifying VT isthmus based on the exclusive information of FFTr map is not easy. However, we can at least use the FFTr map in terms of offering additional information to voltage map in detecting VT isthmuses more accurately.
Conclusions
Our analysis suggests that the combined use of VLA and FFT analysis can be a useful method to detect VT isthmus sites. A prospective, randomized verification is warranted.
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